Introduction
Properties of lanthanides complexes with hematoporphyrin and its derivatives have been studied only scarcely. [1] [2] [3] Interest to these macroheterocycles is connected first of all with possible near IR-luminescence of Ln III complexes (Ln = neodymium, erbium and ytterbium).
[4] Such factors, as the minimum signal from bio-objects, possibility of excitation of 4f-luminescence in a wide spectral range (250-650 nm), organotropy of hematoporphyrin complexes determine the perspectives of such studies. [5] [6] [7] On the other hand, choice of ytterbium as the coordinating centre is conditioned by the fact that from of all lanthanide series only Yb ions show intensive 4f-luminescence in porphyrin complexes. [8] In this work the synthesis and spectral-luminescence properties of ytterbium complexes with hematoporphyrin derivatives, modified asymmetrically by two lateral β-diketonates fragments, namely, diacetylacetonates and dithenoyltrifluoroacetonates (compounds 1 and 2, respectively, Scheme 1), are described.
Experimental
All reagents and solvents were of reagent-grade quality obtained from commercial suppliers. Compounds 1 and 2 were prepared according the literature method.
[9] Synthesis of complexes 3 and 4 was performed by interaction of diacetylacetonate 1 or dithenoyltrifluoroacetonate 2 of hematoporphyrin (2 . 10 -4 mol) with ytterbium acetylacetonate (5 .
10
-3 mol; acetylacetone -Acac as an extra-ligand) in 1,2,4-trichlorobenzene (25 ml) during 4-6 hours. After the reaction completion 1,2,4-trichlorobenzene was sublimated and then crude product was precipitated with water, filtered off and separated by column chromatography on silica. Yield 76-80%. It should be noted that it is very difficult to interpretate correctly the chemical shifts of protons in the 1 H NMR spectra of complexes 3 and 4 because of brightly expressed paramagnetic properties of ytterbium ions.
Therefore for comparison we have used the lutetium complexes with ligands 1 and 2 received analogously to ytterbium complexes and having the same structure.
Yb ( m, , 4.07-4.11 (4H, q, α-CH 2 ), 3.24-3.35 (4H, q, β-CH 2 ), 7.17 (2H, m, 4-thenoyl), 7.92 (2H, m, 5-thenoyl), 7.97 (2H, m, 2-thenoyl).
All ligands and complexes were isolated in solid state and characterized by elemental analysis, IR, UV-vis, 1 H NMR and FAB MS spectra.
Elemental analysis was performed on Perkin-Elmer Model 240C elemental analyzer. Mass spectra FAB were recorded on Varian MAT CH-112 spectrometer (Varian BV, Middelburg) using m-nitrobenzyl alcohol as the matrix.
1
H NMR spectra were recorded on Bruker Avance-300 (300 MHz) in CDCl 3 and DMSO.
Absorption spectra were recorded on Specord M40 UV/ VIS (Carl Zeiss, Jena, Germany) and Lambda 9 UV/VIS/NIR (Perkin-Elmer) spectrometers. Luminescence measurements were carried out on SDL-2 spectrofluorimeter equipped with a photon counting system (Optic-Mechanical Association, St.-Petersburg, Russia). All luminescence spectra were corrected with a standard lamp. A xenon lamp (Xe-150) was used as the excitation source. The solutions of complexes (1 ml) were placed into 10-mm quartz cuvette. The emission of the solutions was recorded at the angle of 90° to the exciting radiation. The position of ligand triplet (T) levels was obtained from phosphorescence spectra of ligands in complexes with lutetium at 77 K. The relative quantum yields of 4f-luminescence (φ) for the ytterbium complexes were calculated by the method described before [8] using Zn-tetraphenylporphyrin as a standard (φ = 0.0315 in ethanol). All luminescent measurements were carried out at 25 °C in DMF.
Results and Discussions
In addition to elemental analysis, the porphyrin nature of these reagents is reliably described by the IR spectra. The band at 1734 сm -1 (ν C=O ) in all of these substances, which is absent in the IR-spectrum of tetramethyl ester of hematoporphyrin (TMHP), indicates the presence of β-diketonate fragments. The difference in the spectra of ytterbium complexes and free-base porphyrins is expressed by the absence of intensive band of N-H vibrations (980 cm -1 ). Individual bands at 773 and 826 cm -1 in the case of the free base porphyrin were converted into the weak shoulders in the region of 800 cm -1 . The band in the region of 470-570 cm -1 corresponds to the skeletal vibrations of Yb-N bond in the porphyrin macrocycle.
It should be noted that the absence of considerable changes of chemical shifts of peripheral group protons confirms the fact that no complexation on peripheral β-diketonate fragments takes place. To illustrate this conclusion we cite below the data of 1 H NMR spectra of the free base β-diketonates hematoporphyrin derivatives The absorption spectra of the free-base porphyrins contain the Soret band, which exhibits insignificant changes when introducing different β-diketonates fragments, and four Q-bands in the visual region, typical for porphyrins (Table  1 ). In the spectra of complexes the Soret band is shifted bathochromically (Δλ ≈ 2-12 nm) with intensity decreasing. In addition four Q-bands are degenerated into two bands displaced hypsochromically at 540 and 575 nm. This fact demonstrates the change of macrocycle symmetry and serves as one of the proofs of complexation process.
Thus, the obtained data prove the formation of Ln complexes of ratio Ln:ligand = 1:1. Moreover, the complexation takes place in the cavity of porphyrin macrocycle but not on peripheral β-diketonate fragments.
The spectra of molecular luminescence for 1 and 2 are similar and consist of two bands in the region of 610-700 nm (λ 1 = 619 nm, λ 2 = 678 nm (1); λ 1 = 623 nm, λ 2 = 680 nm (2)). A weak band in the region of 635-643 nm is conditioned by two processes, namely, formation of photoproducts from the aggregates of porphyrins and photodestruction of compounds. All ytterbium complexes exhibit 4f-luminescence of Yb III ions in the region of 960-1010 nm (λ max = 980 nm, 2 F 5/2 → 2 F 7/2 transition) at excitation in a wide spectral range (250-650 nm). The almost full coincidence of the excitation and absorption spectra of Yb-complexes indicates that the excitation energy is transferred from the T-levels of porphyrin moiety (E T = 14750 cm -1 and E T = 13900 cm -1 for complexes 3 and 4, respectively) to the radiative 2 F 7/2 -level (E Yb 3+ = 10200 cm -1 ) of ytterbium ions due to the intramolecular mechanism of transfer. In complexes 3 and 4 the molecular luminescence is practically absent which confirms the effectiveness of this process.
It is known that 4f-luminescence in the near IR spectral range essentially depends on the value of energy gap (ΔE = E T -E Ln III ).
[10] Comparison of this parameter for diacetylacetonate and dithenoyltrifluoroacetonate derivatives (ΔE = 4550 and 3700 cm -1 , respectively) allows to explain the lesser value of nonradiative losses and increasing of quantum yield of complex 4 in 3.8 times relative to 3.
Some factors which influence on efficiency of luminescence signal from Yb-complexes were considered. In particular, the observable difference in values of 4f-luminescence quantum yield can depend on change of partial charges on nitrogen donor atoms in porphyrin macrocycle, on polarity of the Yb-N bond, and on stereo electronic effects of β-diketone substituents. We used the model "structure-quantum yield of 4f-luminescence" for consideration of these factors. Molecular mechanics simulations were performed by two different molecular modelling programs (ELZA [11] and HyperChem [12] ). The structural characteristics of β-diketone substituents were considered as the structural descriptors in these models. It was established (by ELZA-method) that insignificant reduction of charge on nitrogen atoms of 3 and 4 (in comparison to Yb-ТМHP) and reduction of charge on metal atom takes place (Table 2) . Obviously, the bond lengths between ytterbium and nitrogen atoms are unequal unlike symmetrical porphyrins. Since the β-diketone substituents in porphyrin molecule are rather far from the coordination centre it is not possible to interpret unequivocally their electronic specificity.
The geometry of the investigated molecules is directly considered by calculations with a help of program HyperChem. It is exposed that presence of β-diketone substituents leads to the small increase of coordination cavity diameter of both porphyrins and their ytterbium complexes: 4.34 Å (3) and 4.47 Å (4) in comparison to . It is necessary to take into account also the presence of extra- ligand (acetylacetonate in this case). It is known [13] that this extra-ligand as the complexation agent provokes some withdrawing of ytterbium ion from the macrocycle planeon 0.57 Å (3) and 0.51 Å (4), what is less on 0.07÷0.13 Å than in Yb-ТМHP. The obtained data correlate in a good way with increase of 4f-luminescence quantum yield (Table  1) . We've calculated that the spatial structure of complexes received by molecular mechanics geometry optimisation corresponds to distorted tetrahedral pyramid (Figure 1 ).
Conclusions
Spectral-luminescent behaviour of the new ytterbium complexes with asymmetric porphyrins of hematoporphyrin group was investigated. It was found that efficiency of 4f-luminescence of these complexes depends on correlation between bond lengths and diameter of the cavity of porphyrin macrocycle and, at the same time, practically doesn't depend on the values of partial charges of atoms in the coordination centre.
